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Membrane tethering is a fundamental reaction to confer the specificity of membrane trafficking 24 in eukaryotic cells. Although Rab-family GTPases and specific Rab-interacting effector proteins 25 have been reported to be responsible for membrane tethering, whether and how these key 26 components directly and specifically tether subcellular membranes still remain enigmatic. Using 27 the chemically defined systems reconstituted with purified human Rabs and synthetic liposomes, 28
we now establish that Rab-family GTPases have the conserved function to directly trigger 29 membrane tethering, even in the absence of any types of Rab effectors. Furthermore, we 30 strikingly demonstrate that membrane tethering mediated by endosomal Rab11a is selectively 31 stimulated by the cognate Rab effectors, class V myosins, in a GTP-dependent manner. These 32 findings postulate the novel concept that Rab proteins are a bona fide membrane tether to 33 Results and discussion 73 Prior two studies on membrane tethering in a chemically defined reconstitution system have 74 described that tethering of synthetic liposomes can be directly triggered by several Rab-family 75
GTPases themselves, which locate and function at the endosomal compartments in yeast (Lo et 76 al., 2012) and human cells (Tamura and Mima, 2014) . This Rab-mediated tethering of liposomal 77 membranes is an efficient and specific biochemical reaction, as we established that membrane-78 anchored human Rab5a rapidly induced the formation of massive liposome clusters, and also that 79 the tethering activity of Rab5a was able to be strictly and reversibly controlled by the membrane 80 attachment and detachment of Rab proteins on both apposing membranes (Tamura and Mima, 81 2014). These our results strongly suggest the critical requirement of trans-Rab-Rab interactions 82 on two distinct opposing membranes for a reversible membrane tethering event (Tamura and 83 Mima, 2014) . 84
85
In the current reconstitution study, to further comprehensively investigate the inherent 86 membrane tethering potency of Rab-family GTPases in human, we purified and tested the six 87 representative Rab GTPases functioning in the endocytic pathways (Rab4a, Rab5a, Rab7a, Rab9a, 88 Rab11a, and Rab14) (Wandinger-Ness and Zerial, 2014), for typical non-endosomal Rabs, Rab1a 89 in ER-to-Golgi traffic and Rab3a in exocytosis (Stenmark, 2009 Figure 1A,B; Figure 1 -figure supplement 1) . In addition to the full-length amino acid sequences 96 of native proteins, to mimic membrane binding and anchoring of native Rab and HRas proteins 97 through their isoprenyl or palmitoyl lipid anchors at the C-terminus (Hutagalung and Novick, 98 2011; Rojas et al., 2012), these recombinant Rab and HRas proteins used here were further 99 artificially modified with a C-terminal polyhistidine tag (His12), which can be stably associated 100 with synthetic liposomal membranes bearing a DOGS-NTA lipid (1,2-dioleoyl-sn-glycero-3-{[N-(5-101 amino-1-carboxypentyl)iminodiacetic acid]-succinyl}) ( Figure 1B; Figure 2A ). We employed 102
GTPase activity assays for all of the purified Rab-His12 and HRas-His12 proteins, indicating that 103 they retained the comparable intrinsic GTPase activities, which specifically converted GTP to GDP 104 and a free phosphate ( Figure 1C) . Thus, this establishes that purified Rab-His12 and HRas-His12 105 proteins from the current preparations are all well folded and functionally active in solution 106 ( Figure 1C) . concentrations, ranging from 0.5 M to 4 M towards 0.5 mM total lipids in the reactions ( Figure  126 2A), rapid increase in liposome turbidity was triggered specifically either by Rab5a or Rab7a even 127 at the low protein concentrations (0.5-1.0 M, corresponding to the protein-to-lipid molar ratios 128 of 1:1000-1:500) (Figure 2C,D) . This establishes the very high potency of these two endosomal 129
Rabs to directly catalyze membrane tethering reactions in vitro, consistent with our prior study on endosomal Rab proteins (Rab4a, Rab5a, Rab7a, Rab9a, Rab11a, Rab14, Rab1a, and Rab3a) were 209 able to specifically induce the formation of substantial massive clusters of liposomes ( Figure 5D -210 S). Liposome clusters observed in the fluorescence images were then quantitatively analyzed for 211 the particle size distributions (Figure 6A) , yielding the average sizes of Rab-mediated liposome 212 clusters ranging from 7.8 m 2 to 55 m 2 , which are much larger than those of the control reactions 213 (0.92 m 2 and 0.80 m 2 for the reactions without any Rabs and with HRas, respectively) ( To reconstitute the Rab11a-and class V myosin-dependent membrane tethering reaction in a 254 chemically defined system, we purified the globular tail domains of class V myosin proteins 255 (Myo5A-GTD and Myo5B-GTD) in human, which correspond to the C-terminal residues 1534-1855 256 of myosin 5a (Myo5A) and the residues 1526-1848 of myosin 5b (Myo5B) (Figure 7A,B) . It should 257 be noted that previous biochemical and structural studies indicated that these globular tail 258 domains of Myo5A and Myo5B were necessary and sufficient for binding to Rab11a (Figure 7A (Figure 7B) , we employed liposome turbidity 261 assays to test whether class V myosin proteins have an effect on membrane tethering reactions 262 mediated by the cognate Rab11a (Figure 7C,D,E) . Strikingly, Rab11a-mediated tethering was 263 strongly promoted by addition of an equimolar amount (1 M) or a 2-fold molar excess (2 M) of 264
Myo5A-GTD (Figure 7D) or Myo5B-GTD ( Figure 7E ) over Rab11a (1 M; Rab-to-lipid ratio, 1:500), 265 exhibiting much higher initial rates of the turbidity increase than those in the absence of Myo5-266 GTD proteins. Morphological changes of liposomes in the tethering reactions with Rab11a and 267
Myo5-GTDs were also analyzed by fluorescence microscopy (Figure 7F,G,H,I,J,K) , indicating that 268
Rab11a and Myo5-GTD proteins synergistically and specifically induced the formation of massive 269 clusters of liposomes (Figure 7J,K) . Thus, the current results from these two independent assays 270 in a chemically defined system uncover the novel function of class V myosins to directly support tethering was shown as a very specific effect when added the variable GTP concentrations ranging 282 from 1 M to 1 mM (Figure 8D,E) and assayed with the other guanine nucleotides, GDP and GTPS 283 (Figure 8F,G) . Our data therefore reflect that Myo5-GTD proteins greatly enhance the tethering 284 activity of Rab11a in a GTP-dependent manner, suggesting that the direct and stable interactions 285 of Myo5-GTD proteins with membrane-bound Rab11a-GTP proteins are required for facilitating 286 membrane tethering. To experimentally test the association of Myo5-GTD proteins with Rab11a 287 proteins on liposomal membranes, liposome co-sedimentation assays were performed under the 288 typical conditions used for the turbidity assays in Figure 8 (Rab-to-lipid ratio, 1:500; Rab-to-Myo5-289 GTD ratio, 1:1; 1 mM GTP) ( Figure 9A) . However, we found that the amounts of Myo5A-GTD 290 (Figure 9B, ppt) and Myo5B-GTD (Figure 9E, ppt) bound to and co-isolated with Rab11a-attached 291 liposomes were comparable to those of the control reactions with protein-free liposomes in the 292 absence of Rab11a-His12 (Figure 9C,F (Figure 7; Figure 8; Figure 9 ). However, it could still 305 be argued that Myo5-GTD proteins can non-physiologically induce tethering or aggregation of 306 liposomal membranes coated by other non-cognate Rab-His12 proteins or even coated by any 307 types of soluble proteins modified with a polyhistidine tag. In this context, to more strictly validate 308 the specificity of Rab11a/Myo5-GTD-dependent membrane tethering, we further explored the 309 liposome turbidity assays in the presence of Myo5-GTD proteins (Figure 10A) , not only for the 310 cognate Rab11a but also for the other four Rab proteins including Rab1a, Rab4a, Rab9a, and 311
Rab14, which had shown relatively slow and inefficient membrane tethering by themselves, 312 similar to Rab11a (Figure 2; Figure 3) . Although Rab11a and either Myo5A-GTD or Myo5B-GTD 313 proteins synergistically triggered very rapid and efficient membrane tethering (Figure 10B,C Membrane tethering is one of the most critical and important processes to determine the 328 specificity of membrane traffic in eukaryotic endomembrane systems, delivering the correct sets 329 of cargoes (proteins, lipids, etc.) to the correct locations (organelles, the plasma membrane, the 330 extracellular space, etc.) (Waters and Pfeffer, 1999) . From a large body of prior studies using 331 genetic, cell biological, biochemical, and structural biological approaches on this essential 332 membrane tethering process, we generally recognize that a number of diverse but specific types 333 of "Rab effectors" have been described as the so-called "tethering factors", such as coiled-coil 334 tethering proteins and multisubunit tethering complexes (Yu and Hughson, 2010; Chia and 335 Kuhlee et al., 2015) . However, for the most cases, it remains ambiguous indeed 336 whether these "tethering factors" identified are a bona fide membrane tether that physically links 337 two distinct opposing membranes by itself or, furthermore, whether they are even involved 338 directly in membrane tethering events (Brunet and Sacher, 2014) . In this context, in order to 339 thoroughly define and characterize the molecular functions in membrane tethering for Rab-family 340
Gleeson, 2014;
GTPases and class V myosin cytoskeletal motor proteins as the specific Rab effectors, we have 341 undertaken to recapitulate the membrane tethering machinery in the chemically defined systems 342 reconstituted with synthetic lipid bilayers of liposomes and purified proteins of human Rab 343
GTPases and class V myosins (Figure 1; Figure 2; Figure 7) . Rab GTPase, Rab11a, in a GTP-dependent manner (Figure 7; Figure 8; Figure 10 ). This finding 358 leads us to hypothesize that cytoskeletal motor proteins, including class V myosins and also 359 microtubule-based motor proteins, act as "tethering factors" (not "tethers") that directly and mM NaCl, 10% glycerol) containing 0.1 mM GTP, 5mM MgCl 2 , 1 mM DTT, 1 mM PMSF, and 1.0 389 g/ml pepstatin A, freeze-thawed in a liquid nitrogen and a water bath at 30°C, lysed by sonication 390 using UD-201 ultrasonic disrupter (Tomy Seiko, Tokyo, Japan), and then ultracentrifuged at 50,000 391 rpm for 75 min at 4°C with a 70 Ti rotor (Beckman Coulter, Indianapolis, IN). The supernatants 392 obtained were mixed with COSMOGEL GST-Accept beads (50% slurry, 4 ml each; Nacalai Tesque, 393 Kyoto, Japan) and were incubated at 4°C for 2 hours with gentle agitation to isolate GST-His6-394 
